Cadmium tolerance and removal in the marine microalga Dunaliella salina were studied in cultures exposed to different metal concentrations (5-120 mg Cd l −1 ) for 96 h. This microalga can be included in the group of microalgal species most tolerant to cadmium due to the high value of EC50 that it possesses (48.9 mg Cd l −1 at 96 h of culture). The greater percentage of cadmium removed was obtained in cultures exposed to 5 mg Cd l −1 at 96 h, but removing only 11.3% of the added cadmium. In all cultures, the quantity of cadmium removed intracellularly was much lower than the bioadsorbed quantity and it was proportional to the sulfhydryl group levels. Both the Freundlich and Langmuir adsorption models were suitable for describing the short-term biosorption of cadmium by living cells of D. salina.
Introduction
Owing to the rapid expansion of industrialization, metals are among the polluting agents more intensely studied. Their study is due to the toxicity that they exert on the organisms and ecosystems when a certain threshold of bioavailability is exceeded, and also due to their persistence in the environment. For these reasons, biotoxicity tests and maximum tolerable limits are critical for evaluating the potential impact of these pollutants in the aquatic ecosystems. Metals are dumped to environment from numerous and diverse anthropogenic sources and they are considered dangerous for the aquatic life due to their prolonged permanence in sediments and their tendency to bioaccumulate in alive-cells and tissues.
The deterioration of the aquatic systems for diverse pollutants is currently a major problem, and for this reason is necessary to find suitable methods to study their toxicity. The most common studies of ecotoxicity for following aquatic pollutants in the short-term are the test of deadliness in fish, which have been criticized recently for economic, logistic and ethical reasons [1] . One of the alternatives that are proposed is the use of the lowest organisms in the aquatic chain, such as bacteria and microalgae. The microalgae are among the most important microorganisms in the ecosystems because they are primary producers. They are used widely in aquiculture, agriculture and in the fodder industry. Their rapid growth and their ubiquity in environments make them good indicators of the health of the ecosystems, since, as other microorganisms, they are going to be affected directly by the pollutants.
Microalgae are microorganisms frequently used for evaluating the toxicity of polluting agents present in the sea [2] . The use of microalgae is well studied and standardized [3] and [4] , with microalgal growth being the most used assay, because it reflects the metabolism of the cell [5] .
Diverse active and passive mechanisms for the metal incorporation to microalgae were proposed. The cellular walls of microalgae have a great capacity to bind metals [6] . This fact is of a special importance since the marine microalgae constitute the first link of the marine trophic chain and thus, they can transfer metal contaminants to higher levels. For this reason, bioaccumulation must be considered in the studies of toxicity with microalgae, especially when the microalgal biomass is used to predict the removal of metals from natural ecosystems [7] .
Although cadmium is recognized as one of the most toxic metals [8] its concentration in oceanic surfaces is very low (an average of 0.0014 nmol kg −1 ) [9] . However, it is used in many industrial processes (production of television tube phosphors, alloy preparation, metal plating, nuclear reactor shields and rods, pigments, stabilizers, batteries, etc.) and the waste streams from these processes end up contaminating the aquatic environments [9] and [10] . Such contamination has created the need to develop techniques for its removal from the environment. The phenomenon of removing metal ions by microorganism has been explored successfully. However, little information has been available on the accumulation of metals by microalgal biomass. To maximize the potential application of microalgae to bioremediation of metals, it is necessary to understand why metals are toxic, how microalgae defend against them and the properties of the bioaccumulation process in this biomass.
One of the most common microalgae responses to cadmium stress is the synthesis of low molecular weight sulfhydryl compounds (such as phytochelatins). Cadmium forms complexes with these thiols preventing its toxicity. This reaction is considered to play an important role in metal homeostasis and metal detoxification [11] , [12] , [13] and [14] . For this reason, is important to study the ability of a microalga to synthesize sulfhydryl compounds because this synthesis affects both its capacity of tolerance and cadmium bioaccumulation.
The marine microalga Dunaliella salina (Chlorophyceae) is a phytoplanktonic specie that has a great distribution in the marine ecosystems. This supralittoral species often predominates in blooms of natural populations [15] . Also, it is a specie widely used in laboratory cultures and in toxicity assays to evaluate the effects of industrial effluents [16] .
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The purpose of this study was to evaluate some aspects of the cadmium interaction with D.
salina. The effect of cadmium on growth, the ability of this microalga to remove cadmium and the production of sulfhydryl-group-rich compounds as a mechanism of defence to the toxicity of this metal were investigated.
Materials and methods

Culture conditions
The marine microalga D. salina was cultured for 96 h in natural enriched seawater media. The seawater was passed through a 0.45 μm-pore Millipore filter and a charcoal column to eliminate organic chelating substances and subsequently sterilized at 121 °C for 20 min. The assays were carried out in this natural seawater with the addition of inorganic nutrients [17] but without EDTA and Tris. The salinity of seawater was 35‰ and the initial pH of the culture was 7.8. A stock solution of cadmium was prepared by dilution of CdCl2in Milli-Q water to a final concentration of 10 g l −1 of Cd. For the experiment, appropriate volume of the stock solution was added to the seawater to obtain final cadmium concentrations of 5, 10, 20, 30, 40, 60, 80, 100 and 120 mg Cd l −1 .
The cultures were carried out in 1-l glass bottles (PYREX). The bottles were previously rinsed with nitric acid and then rinsed several times with Milli-Q water. Inside these bottles, the enriched seawater and a suitable volume of the stock solution of cadmium were placed with the D. salina (in exponential growth phase) at an initial cell density of 25 × 10 4 cells ml −1 .
Cultures without metal were also included as control. All cultures were maintained at 18 ± 1 °C with an irradiance of 68.25 μE m −2 s −1 using cool fluorescent light and a dark:light cycle of 12:12 h. Natural sterile air was constantly bubbled at a flow rate of 10 l min −1 . Each experiment was carried out in triplicate and the results were evaluated with the average of these three replicates.
Growth
Growth of the microalgal cultures was measured daily, counting culture aliquots in a Neubauer haemocytometer chamber after fixation with Lugol. The degree of growth inhibition by cadmium in D. salinacells was measured during 96 h of culture. For that, the EC50 for growth (metal concentration which reduces the population growth to 50% of the control) was calculated using a log dose-response curve. Analysis of the data was conducted by applying a nonlinear regression to log metal concentration vs. the mean percent reduction in cellular density at 96 h of culture using SigmaPlot 9.01 (Systat Software, Inc.). The EC50 was calculated from the regression equation. Weibull equation of four parameters was chosen for its good fitness [4] .
Determination of cadmium removed 4
The method used to evaluate the cadmium removed by the cells of D. salina was a modification of the method used by Stauber and Florence [18] .
Total cadmium removed
Total cadmium removed in cells was determined by filtration of 25 ml aliquots from each culture through two superposed 1.2-μm MF Millipore filters. The cadmium levels were measured in both filters using the lower filter as blank.
Cadmium removed intracellularly
For the determination of the cadmium removed intracellularly, aliquots of 25 ml of each culture were centrifuged at 3500 × g during 15 min, and the pellet was resuspended during 20 min in 25 ml of a solution of 0.02 M EDTA dissolved in seawater. EDTAs function is to eliminate the cadmium adsorbed onto the cell surface, allowing only the intracellular cadmium fraction to be measured. Then, the culture was centrifuged for 15 min at 3500 × g and the pellet was washed with seawater and centrifuged again at 3500 × g during 15 min (this procedure of wash was repeated two times).
Bioadsorbed cadmium
The determination of bioadsorbed cadmium onto the cell surface was calculated by subtracting the intracellular cadmium concentration from the total cadmium removed (bioadsorbed cadmium = total cadmium − intracellular cadmium).
Measurement of cadmium
Each one of the filters from the determination of total cadmium removed and the pellets from the determination of cadmium removed intracellularly were separately digested for 24 h in a mixture of 1 ml of 15 M HNO3 and 0.5 ml of 11.6 M HClO4. Digested samples were brought to final volume of 5 ml with Milli-Q water. The quantity of cadmium present in each of the samples was measured by ICP-MS using VG Elemental Plasma Quad 2 ICP-MS System (Element 2, Thermofinnigan, Germany). The cadmium removed percentage (%) was calculated on the basis of cadmium added to each culture. All the previous determinations were made daily for 96 h. The greater quantity of metal removed by cell, took place in the cultures exposed to 120 mg Cd l −1 reaching a concentration of 1.2 × 10 −8 mg Cd cell −1 at 24 h of culture (Fig. 2) .
Biosorption isotherms
Later, at 48 h of culture, a descent is produced in the quantity of total removed cadmium in all the concentrations assayed. In this way, the cadmium removal capacity of the cells of D.
salina depended directly on the metal quantity that is present in the medium and of the time of exposure.
Intracellular cadmium
Once the cells of the microalga contact with cadmium, part of the cadmium removed by the cells is adsorbed on the cellular surface and another part accumulates intracellularly. After analyzing the quantity of cadmium removed in the two compartments (bioadsorbed and intracellular), and the total cadmium removed, it can be observed that the quantity of cadmium removed intracellularly is much smaller than the quantity of bioadsorbed cadmium at the end of the process. Hence, the cultures exposed to 120 mg Cd l −1 contain a concentration of bioadsorbed cadmium that exceeded in 200 times the concentration of intracellular cadmium at 96 h of culture. Nevertheless, in the cultures exposed to the smaller concentration assayed (5 mg Cd l −1 ) the intracellular cadmium only was exceeded 1.7 times (Table 1) . Therefore, increases in the metal concentration in the medium increase the difference between the quantity of bioadsorbed cadmium and the intracellular cadmium. 
Concentration of cadmium removed by each culture
The cadmium concentration (μg l −1 ) extracted from the culture by the cells of D. salina was greater in the cultures exposed to the higher concentrations of the metal ( Table 1 ). The maximum concentration of metal was extracted in the cultures exposed to 120 mg Cd l −1 after 96 h of culture with a total concentration of 3.5 mg Cd l −1 , of which most of metal is bioadsorbed to the cellular surface, reaching a concentration of 3.48 mg Cd l −1 . This result (in which practically all the metal removed was in bioadsorbed form) was observed for each one of the concentrations assayed. Thus, the proportion of cadmium bioadsorbed present in the cells of the microalga was higher than intracellular cadmium in all cultures ( Table 1 
Discussion
The effect of metals on growth has been studied in many microorganisms. These studies indicate that there is a wide interval in the sensibility to cadmium. In microalgae, the effect of this metal on growth depends of the microalgae species and the metal concentration in the medium. Hence, the growth of the speciesChlorococcum sp. and Tetraselmis gracilis is inhibited with concentrations of 2.5-3.0 and 5.0 mg l −1 , respectively [20] , [21] and [22] , which indicates a high resistance to the cadmium. On the contrary, among the most sensitive are Asterionella formosa and Chlorella saccharophila whose growth is inhibited with concentrations of 0.01 and 0.11 μg l −1 , respectively [23] and [24] .
Results obtained with the present study demonstrate that D. salina can be included inside the group of microalgae species more tolerant to cadmium. In addition, inside this group of tolerant species, D. salina is one of the most tolerant species to this metal. Its inclusion in this group is because, although all concentrations of metal assayed produced a reduction in its growth, growth existed in the cultures exposed to higher concentrations of metal just as 40 mg Cd l − 1 (always a minor growth than the control), along the time of culture ( Fig. 1) . The capacity of resistance of a microalga to the toxic action of a metal also can be observed analyzing its value of EC50 for that metal. After 96 h of exposure to cadmium, the EC50 obtained for the microalga Isochrisis galbana was 0.74 mg Cd l −1 [25] . These differences in the sensibility to the cadmium are produced even inside species of the same genus, in this way the same occurs betweenTetraselmis gracilis with an EC50 of 1.8 mg Cd l −1 [22] and Tetraselmis suecica with an EC50 of 7.9 mg Cd l −1 [26] . The EC50 value for the growth obtained for D. salina after 96 h of exposure to cadmium was 48.9 mg Cd l −1 . Also, the EC10 and EC20 obtained statistically by
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means of the regression function were 11.9 and 20.7 mg Cd l −1 , respectively. Therefore, D.
salina can be included in the group of microalgal species most tolerant of cadmium due to the very high value of EC50 that it possesses and for this reason, it was necessary to use so high cadmium concentrations in this assay. Nevertheless, this comparison is in a general way, since, to be able to compare the grade of toxicity for two species (or even for the same species), the culture has to be carried out under the same conditions (culture medium, initial cellular density, etc.), which is difficult, because the species are cultivated with very varied conditions in the bibliography. An example of this is that, Visviki and Rachlin, working also with D. salina, obtained an EC50 of only 0.5 mg Cd l −1 after 96 h of exposure [27] .
Numerous arguments have been proposed to explain why the cadmium affects the growth of microalgae. The toxicity of this metal is its negative influence on the cellular enzymatic systems.
This is due to the substitution that the cadmium exercises on other metallic ions in metalloenzymes (principally Zn, Cu and Ca) and for its great affinity for biological structures that contain -SH groups, like proteins and enzymes, causing the inhibition of growth, photosynthesis, respiration rate and other cellular processes [28] . Also, there are toxicological studies that suggest that cadmium can behave like a radical. In this way, cadmium can react with the molecular oxygen producing reactivate oxygen species (ROS) [29] . These ROS produce toxic effects such as peroxidation of lipidic membranes, depolymerisation of polysaccharides, denatured of proteins and damages in the DNA [30] .
In spite of these effects, D. salina an increase in the intracellular concentration of the metal with regard to the cellular exterior [29] .
Studies made with different microalgae species show that the effectiveness in metal removal depends not only on the algal species, but also depends on the metal. A study made with some algae species to compare their ability in the removal of five toxic metals during 30 min of exposure revealed thatScenedesmus quadricauda retired more than 90% of the initial concentration of Cd, whereas the cyanobacterium Mastigocladus laminosus was the most effective in removing Al (>90%), being less effective in cadmium removal. The initial concentration of these metals was 1 mg l −1 [31] The Gram-negative bacterium Sphingomonas paucimobilis has higher cadmium removal capacity with a efficiency of 84% from a solution containing 50 mg Cd l −1 [32] Therefore, the selection of a suitable organism can potentially increase the removal of a specific contaminated water metal. Pérez-Rama et al. [26] exposed the microalgaTetraselmis suecica to a cadmium concentration of 6 mg l −1 and the percentage of cadmium removed from the culture was 59.6% after 6 days; whereas, in our study, cells of D.
salina exposed to a concentration of 5 mg l −1 , in the same culture conditions as Tetraselmis, removed only 11.3% of cadmium after 96 h ( Table 1 ). In the cultures exposed to higher cadmium concentrations, the percentage of cadmium removed by the cells of D. salina was smaller. This demonstrates that the microalga T. suecica is an excellent candidate for the treatment of waters contaminated by cadmium. Nevertheless, on the contrary, D. salina does not have good properties for this purpose owing to the low levels of metal removed from the medium, in spite of its high resistance to the toxicity of this metal.
Microalgae are capable of carrying out this process of metal removal from the environment, and two of the principal mechanisms to achieve this are the union of metals to cellular surfaces (bioadsorption) and intracellular accumulation (bioaccumulation). The results of the present work showed that during 96 h of exposure to cadmium, the cells of D. salina accumulated the metal in bioadsorbed form to the cellular surface, being less the cadmium removed intracellularly ( Table 1 ). This coincides with the studies with cyanobacteria and microalgae of Parker et al. and Mehta et al. [33] and [34] , but it does not coincide with other studies with microalgae species, since, according to Torres et al. [35] in cultures of Phaeodactylum tricornutum and Pérez-Rama et al. [26] with Tetraselmis suecica, the metal quantity that these microalgae incorporate by means of passive mechanisms of bioadsorption into the cellular surface is much lower than the quantity of metal removed intracellularly. This low capacity to uptake cadmium intracellularly is the reason for which this microalga has less possibilities of being used as a living biomass to remove metal. [40] . This constitutes one more evidence of that microalga biomass has a higher heavy metal biosorption capacity and offers considerable potential for biosorbent applications.
All metal concentrations assayed showed a correspondence between the cadmium removed intracellularly and the total cadmium removed. Both parameters started with an increment in the quantity of metal removed in the first hours of culture, and next, a descent in this quantity in all the metal concentrations assayed. Therefore, at 96 h of culture, almost all of the total cadmium removed by the cells of D. salina is in bioadsorbed form in the cellular wall, and only a minimum part is in intracellular form ( Table 1 ). This behaviour also was described by Pérez-Rama et al. [26] in cultures with Tetraselmis suecica where, in cultures exposed to high concentration of cadmium (45 mg l −1 ), 60.1% of the total cadmium removed was bioadsorbed.
With the data obtained in this study, the cells of D. salina removed low quantities of metal from the medium (mainly by bioadsorption). In this way, this microalga should have some protective system against the cadmium toxicity that prevents the metal accumulation to the interior of cell.
One of those possible mechanisms is the development of a number of routes and modes for excreting metals [41] . A more common method in eukaryotes is either active or passive excretion of metals [42] . Metal efflux is considered to be an active mechanism requiring energy expenditure. Nevertheless, Jin et al. [43] suggested that Ni +2 efflux in some strains of Scenedesmus acutus occurred by passive diffusion in the dark after they were transferred to Ni-free medium. Verma and Singh [44] showed the presence of an energy-dependent Cu-efflux system in a Cu-resistant mutant of Nostoc calcicola. Active efflux transport systems would provide an effective detoxification mechanism. Metals can be selectively and actively excreted against concentration gradients by permeases and the Na/K and Ca ATPases [45] . Others strategies for decrease metal influx are the reduction of the permeability for a metal ion [46] and modifications of the cell wall [47] .
Apart from the different mechanisms that cells have to prevent the accumulation of metal in their interior, there are also mechanisms for which cells can accumulate metals intracellularly without their being toxic for the cell. One of these mechanisms of tolerance is the union to intracellular metal-complexing ligands. These compounds are low molecular weight metal-binding peptides, rich in cysteine, classified as sulfhydryl groups or thiols. In microalgae, the most frequent types are GSH and phytochelatins (PCs). The levels of sulfhydryl groups are directly related to the levels of intracellular cadmium removed. In this study, all metal concentrations assayed showed a correspondence between the sulfhydryl group levels and the cadmium removed intracellularly.
Both parameters presented, in the first 48 h of culture, an increment of their levels to, subsequently, descent at 72 and 96 h of culture, which suggests that they present a mechanism of control that synthesizes the concentration of phytochelatins necessary to sequestrate the intracellular cadmium. Torres et al. [48] found that Ph. tricornutum cells bound 60% of cellular cadmium as cadmium-binding complexes, composed principally by phytochelatins. Also, metal analysis showed that about 87% of the cadmium in T. suecica was bound by these phytochelatins [49] . Our results indicate that the cells of D. salina are capable of bioadsorbing cadmium to their cellular surface but they scarcely are able of bioaccumulating cadmium intracellularly which would allow for better metal removal from the medium when alive biomass is used, because living cells have a markedly higher capacity to remove metal than nonliving cells [48] , [26] and [32] . In fact, the biggest percentage of cadmium removed was only 11.3% at initial cadmium concentration of 5 mg l −1 . Consequently, the microalga D. salina can be included among the most tolerant species to cadmium; nevertheless, it is not a good candidate to be used in processes of cadmium removal from contaminated seawaters.
Conclusions
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D. salina can be included in the group of microalgal species most tolerant to cadmium due to the high value of EC50 that it possesses (48.9 mg Cd l −1 at 96 h of culture). The greater percentage of cadmium removed was obtained in cultures exposed to 5 mg Cd l −1 at 96 h, removing only 11.3% of the added cadmium. In all the cultures, the quantity of cadmium removed intracellularly was much lower than the bioadsorbed quantity and was proportional to the sulfhydryl group levels. Both of the Langmuir and Freundlich models give good fits to the adsorption isotherms. The maximum adsorption capacity after 24 h was only 52 mg Cd g −1 .
Owing to the low levels of cadmium removed and in spite of being very tolerant to cadmium, D.
salina is not a good candidate among microalgae to be used in processes of cadmium removal from contaminated seawaters.
